l. INTRODUCTION
The gravitational collapse of gas spheres in the context of star formation has long been an active area of study. Pioneering numerical calculations (e.g., Gaustad 1963; Bodenheimer & Sweigart 1968; Larson 1969; Penston 1969a, b) based on the collapse of a Jeans unstable uniform density sphere elucidated the general properties of star formation and provided the basis of much of the subsequent work in the area. One of the most important properties found by these early investigations was that efficient cooling by dust grains allowed the rapid radiation of compressional heat generated during collapse. The gas remained essentially isothermal with a temperature of~10 K over many orders of magnitude in density during the early phases of collapse. Isothermality was only violated when the densities became sufficiently high for gas to become rather optically thick to dust emission. Isothermality, taken as an assumption, enabled great simplification in many subsequent studies because radiation transfer was eliminated from the problem (however, this restricted the applicability of these solutions to the more optically thin regions of collapse). It was also shown that collapse occurred in a very nonhomologous fashion, i.e., the central regions of the cloud collapsed much more rapidly than the outer regions. The density distribution 774 inevitably approached a strongly peaked r -2 profile as the collapse approached core formation. Later studies addressed primarily the unrealistic nature of the starting conditions adopted in the early work. The assumed initial configuration for the gas was an isothermal uniform density sphere that was far out of hydrostatic equilibrium. Such conditions would be very difficult to produce in nature. Furthermore, the velocities resulting from the collapse were criticized as being unrealistic (Shu 1977) . At large radius, the flow was directed inward at 3.3 times the sound speed which was considered numerically ad hoc. Many of the subsequent considerations (e.g., Shu 1977; Hunter 1977; Boss & Black 1982; Whitworth & Summers 1985; Foster & Chevalier 1993 ) centered around the collapse of equilibrium isothermal spheres (Bonner-Ebert spheres; see Ebert 1955; Bonner 1956) where the gas was assumed to be isothermal at all times and initially stationary.
Because the initial configurations were in equilibrium, the numerical calculations of collapse were initiated by some rather ad hoc perturbation.
However, the nature of the collapse was found to be rather insensitive to the manner of the initial perturbation (e.g., Hunter 1977) . Many collapse solutions were found. These differed from one another based on the initially assumed density profile and https://ntrs.nasa.gov/search.jsp?R=19970008378 2020-03-06T13:35:23+00:00Z ranged fromthecollapse of themarginally unstable Bonner-Ebertsphere (Foster & Chevalier 1993) to the maximally unstable singular isothermal sphere (Shu1977; Hunter 1977). However, it wasnotclear which, if any, wasthemost relevant to present-day low-mass starformation. Recently, boththeoretical andobservational workhasyielded aparadigm forlowmass star formation (see Shuetal.1993 andreferences therein) . A cloudinitiallysupported against collapse bygaspressure, turbulence, andmagnetic fields evolves quasistatically toward a centrally condensed singular isothermal sphere dueto the outward diffusion ofthemagnetic field(ambipolar diffusion). After_ 10 6 yr, the distribution becomes sufficiently centrally condensed to undergo an "inside-out" collapse in the manner of the analytic, self-similar solution of Shu (1977) (dubbed the "expansion wave solution," hereafter EWS). Although the collapse calculation has been generalized to account for modest amounts of rotation (Terebey, Shu, & Cassen 1984) and magnetic fields (Gaili & Shu 1993a, b) , the simplicity of the original solution, as well as its closeness to the generalized solutions at relatively early times and in regions somewhat outside the core, has led it to be generally adopted as the benchmark for testing the agreement of the paradigm with observations.
The EWS is obtained when a static singular isothermal sphere suffers a central perturbation which causes the core to collapse. The ensuing collapse proceeds in an "inside-out" fashion where the infalling region is bounded by a rarefaction wave which propagates outward at the sound speed. Outside the rarefaction wave, the gas remains undisturbed and in hydrostatic equilibrium. At small radius, gas free-falls onto a growing core at a constant rate which depends only on the sound speed a and the gravitational constant G, a 3 _/' = C _-,
where C = 0.975 for the EWS. The collapse can be initiated by any process which causes an unbalancing of the two forces in the core (Shu 1977) or by the onset of true dynamical instability (Shu, Adams, & Lizano 1987) . In the former case, anything which decreases the central gas pressure, increases the gravity (mass), or both, will cause core collapse. Possible physical processes include molecule formation (Shu 1977) and primary core collapse (e.g., Larson 1969; Winkler & Newman 1980) . True dynamical instability arises during the evolution of the protostellar cloud toward ever more centrally peaked density profiles during the process of ambipolar diffusion.
The considerations of this paper derive from the observation that the suggested processes which might initiate the EWS collapse will not only cause an initial unbalancing of the opposing central forces, but will also in general be accompanied by some initial or sustained burst of energy which will be reabsorbed by parts of the collapsing cloud. Certainly, immediately after the onset of collapse in the inside-out picture, energy will be released from a radiating accretion shock around either a core or a disk, or possibly by gas streams, which are not flowing exactly radially, colliding outside of the core. This energy will propagate back into static and subsonically moving parts of the envelope and cause a preheating effect. That is, the radiation will heat the gas above the assumed isothermal temperature, causing an outward push due to a higher gas pressure. This extra pressure may have significant dynamical effects. Other ways in which collapse can be initiated may also be accompanied by energetic output, such as molecule formation which produces heat via recombination. Additionally, sustained stellar winds produced in the very early life of a nascent protostar could push material out via kinetic pressure. In any case, since the conditions which initiate protostellar collapse are poorly understood, it is important to investigate a spectrum of possibilities, the results of which may be compared to observations in order to better understand star formation.
We can imagine intuitively what the effects might be of absorption of an initial burst of energy followed by an unbalancing of the pressure in the core of a static, isothermal sphere. The extra energy or pressure will first cause an outward push to the gas in the central regions. In one instance, if the amount of energy or the outward push is very small, the initial condition may be thought of as a perturbation on the condition which gives rise to the EWS. We might imagine that in time, as the ensuing collapse progresses to encompass scales much larger than that set by the initial condition, the effects of the perturbation will die out, and the EWS will be recovered. In another case, if the outward push is stronger, a shock will likely form. Because of the steep density gradient of the singular isothermal sphere, this shock can coast to large radius. In the center, after the initial burst has subsided, gas which was pushed outward will decelerate due to the pressure imbalance, eventually going into infall.
We numerically determine collapse solutions resulting from the energy burst initial condition in § 2. However, in the case where a shock forms, we might expect in analogy with the Sedov-Taylor solution (e.g., Sedov 1959 ) that there would be an evolution toward a similarity solution once the shock has moved to distances much greater than the scale set by the initial perturbation.
Recall that the Sedov-Taylor solution describes the state of gas, for example, after a piston pushes into an initially static uniform density gas (gravity is not considered). The motion of the piston gives rise to a shock. When the shock has propagated into a region far removed from the scale set by the motion of the piston, the solution approaches self-similarity because the initial length scale becomes irrelevant. By analogy, when the shock in our problem has moved beyond the core area where the initial energy burst occurred, there are also no longer any relevant length scales. Contrary to this view, we rind that the numerically generated solutions do not tend toward any similiarity solution; rather, they depend on the particular conditions initiating the collapse. However, this result can be understood in terms of the instability of a self-similar solution which we present in § 3. In § 4, we introduce an expanding solution to help elucidate the properties of the new collapse solutions as well as the general collapse properties of the singular isothermal sphere. We discuss the relation of the new solutions to the EWS and the theory of star formation in § 5. Conclusions are also given in § 5.
NUMERICAL SOLUTION

Method
The case where radiation from an accretion front preheats gas which is not yet in a state of free fall is best treated by a hydrodynamical code with radiation transfer. Although similar calculations of collapse have been carried out (e.g., Morrill, Tscharnuter, & V61k 1985; Bodenheimer et al. 1990; Yorke, Bodenheimer, & Laughlin 1993) , the initial conditions were always assumed to be somewhat out of hydrostatic equi-librium. We will report elsewhere on a one-dimensional calculation treating the effects of accretion luminosity assuming the exact singular isothermal sphere as the initial state. In the present paper, we take a less specific approach by approximating the effects of the energy deposition by a piston. Although this approach is more heuristic than solving a radiative transfer problem, it lends itself to a general elucidation of the relevant physics of the problem and the consideration of other possible modes of energy deposition in the center of the cloud.
We assume that the protostellar cloud is spherically symmetric, is always isothermal, and obeys the ideal gas equation of state. The dynamical calculations are carried out with a Lagrangian hydrodynamics code modified from that developed by Yahil, Johnston, & Burrows (1987) . The code is conservative in the fluxes of energy and momentum and has second-order spatial accuracy in the fluxes. The initial configuration of the cloud is a singular isothermal sphere. We begin a calculation by assuming that the material within a radius of 2 x l0 ta cm, which has an enclosed mass of 2.5 x 10 -4 M o for a cloud temperature of 20 K and a mean molecular weight # of 2, forms a protostellar core. If there is no energy input, and the material immediately outside of this region is forced into free fall, we recover the EWS.
A major problem with using a Lagrangian code for an accretion calculation is that the Courant time can be so reduced for the region near the central object that it makes the investigation of the long-term evolution of the rest of the object extremely difficult. We circumvent this problem by specifying a critical radius such that if a shell of material (corresponding to a zone in the calculation) fails below this critical radius, it is assumed to have been accreted onto the protosteUar core, which then only acts gravitationally on the rest of the cloud. The mass accretion rate can then be approximated by mshcn/At, where m,_eH is the mass of the shell and At is the time elapsed since the last shell was accreted. This accretion rate is then held constant until the next shell is accreted. The accretion rate calculated this way for the EWS follows the analytical value closely, with < 1% variations, due to changes of zone sizes and time steps.
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We simulate the input of the initial burst of energy by applying a piston with a velocity vp immediately outside the protostellar core and starting at the critical radius of 2 × 10 t3 cm. The piston is pushed at a constant velocity until it has reached some distance dp, where the piston is instantaneously stopped and we apply the free-fall boundary condition. This boundary condition corresponds to the limiting case where the inner pressure is reduced to zero in order to initiate collapse. Tests with different boundary conditions where the piston is allowed to decelerate gradually under the influence of less severe pressure gradients give similar results, so they are not discussed. We assume a constant pressure outer boundary condition.
Results
In the first case considered (case [i]), we move the piston at half the isothermal sound speed (a = 2.87 x 104 cm s-t for our chosen conditions) to a distance of dp = 2 x l0 t`* cm. The resulting velocity and density profiles of the gas at different times are plotted in Figures la and 2a , respectively, and the accretion rate at the core radius is given by the uppermost solid curve of Figure 3 . The action of the piston forms a shock which propagates outward. Despite the subsonic motion of the piston, a shock is formed because the buildup of material in front of the piston causes a supersonically moving front to advance ahead of the piston. The material outside of the shock remains stationary with a density given by that of the singular isothermal sphere. Inside the shock, gas is flowing outward subsonically, having been accelerated by the passage of the shock. The gas eventually is decelerated by the pressure deficit at small radius and goes into free fall at the inner boundary. The strength of the shock declines with time and eventually becomes an acoustic wave propagating outward at the sound speed. The region of outflowing gas and the outward velocity of postshock gas become correspondingly smaller as the shock degrades. Similarly, the size of the discontinuity in the density profile decreases with time. The accretion rate starts out low (after settling down from transients) but after a very short time rises rapidly and tends toward the EWS value appropriate to the chosen temperature of 20 K. This case corresponds to a collapse which is initially per- 0.723, 0.967, 125, 1.57, 1.97, 2.42, 2.95, 3.58, 4.35, and 5.24. (b) The velocity profiles of the gas for the case where vp = 0.5a and dp = 2 x 10 _5 cm are plotted at limes (in units of l0 t z s) 0.239, 1. 18, 2.63, 4.74, 7.6, 11.6, and 16.7 . The leflmost curve gives the earliest time, and the rightmost curve gives the latest time. of "--0.43 a. The postshock density rises above the value given by the singular isothermal sphere for a considerable region inside the shock. The central mass accretion rate starts out very low and declines with time and never rises back up to the EWS value. In pushing the piston out to larger distances than in case (i), we have essentially perturbed the collapse farther away from the EWS solution. We might have expected that the net effect would be for the collapse to take a much longer time than that of case (i) to evolve back to the EWS. Instead, the collapse does not show a tendency to evolve back to the EWS at all.
Several cases with values of dp between those of cases (i) and (ii) above are also computed (vp = 0.5a in all these cases). The central accretion rates for these collapses are shown in Figure  3 . The cases where the central accretion rate increases with time have gas velocity and density profiles which behave in time similar to those of case (i), and cases with declining accretion rates have velocities and densities similar to those of case (ii). We see that two kinds of solutions are obtained from the piston experiments. When the collapse is initiated by a piston which pushes to something less than _6 x 1014 cm, the nature of the subsequent flow is to evolve secularly back toward the EWS. For simplicity we call these class I solutions. Once the piston is allowed to push farther out than this, the evolution of the flow is toward ever decreasing accretion rates (class II solutions). The farther out the piston is allowed to go, the smaller is the accretion rate.
In Figure 4 , we show the mass of the inner sink cell (the "protostar') as a function of time for the cases shown in Figure 3 . The times required to accrete a sizable mass ( _ 1 Mo) onto the sink cell can be significantly extended relative to the dynamical time if the collapse proceeds according to the lower curves of Figure 4 . In these cases, the mass of the sink cell would only be _0.1 M o by the time the shock hits the boundary of the calculation. If star formation were to occur in this manner, the accretion of a large fraction of the mass of the protostar occurs after the passage of the shock through the boundary, assuming a typical size for the cloud core. The subsequent collapse would then depend on the particular properties of this boundary.
We obtain the same set of results as above for different assumed piston speeds. We do not show the gas velocities and turbed from the EWS by the action of the piston. (Recall that we obtain the EWS by simply unbalancing the forces in the center with no accompanying piston moving outward.) However, the effects of the perturbation die out rapidly, and the collapse approaches the EWS solution.
On pushing the piston out farther to dp = 2 x 1015 cm with the same velocity % (case [ii]), we obtain the gas velocity and density profiles shown in Figures lb and 2b , respectively, and an accretion rate given by the lowest solid curve of Figure 3 . We again get a shock formed by the early action of the piston, but the shock persists in time with constant amplitude all the way to the outer boundary.
As before, the gas is stationary outside the shock and outflowing immediately inside of it. However, because of the undiminished amplitude of the shock, the outflowing gas occupies a significant fraction of the nonstatic region. The shock is rather weak with a Mach number of _ 1.26, and the gas has a postshock outflow velocity
The density profiles of the gas for the case where % = 0.5a and dp = 2 x 10 _'_ cm are plotted for the same set of times as Fig. 3 . The top curve corresponds to the case where dp = 2 x 1014 cm, the next highest curve gives the case where dr = 4 x 10 t4 cm, and so forth for the lower curves. The dotted line gives the mass for the EWS solution.
densities
in detail. Figure  5 shows the mass accretion rates for some of the cases considered.
For various piston speeds, the set of collapse solutions again divides into those cases with rising accretion rates and those with declining rates. The dividing line between these two sets of solutions occurs for dp~6 x l0 t4 cm for the piston velocities considered. We examine the above results in more detail. The condition which determines which of the two classes of solutions a given collapse calculation will follow is not easily defined. First, the amount of work done by the piston during the push phase of the calculation will not alone determine the subsequent evolution of the collapse.
Having taken the gas to be isothermal implicitly assumes that the cloud can instantaneously exchange energy with some external sources and sinks. As the piston pushes the gas outward, compressed regions of the gas will radiate away energy. Thus, the change in the energy of the cloud during the time that the piston is pushing does not depend solely on the amount of work done by the piston, but also on its exact velocity history. Also, the collapse after the piston has been stopped is not energy conserving, again since the gas is assumed to be isothermal. Whatever changes in the energy of the cloud occurred during the time the piston was pushing are swamped by subsequent energy exchanges of the cloud with the external sources and sinks.
An alternative is to consider the dynamics of the shock. The shock is launched by the piston and grows in strength as the piston pushes outward. However, when the piston is stopped and the inner boundary condition is applied, a rarefaction wave is also sent propagating into the gas because the velocity of the gas just in front of the piston is positive when the piston is stopped.
This can be seen in the topmost curve (corresponding to the earliest time shown) of Figure  2b . The shock is at a radius of~10 t6 cm, and a rarefaction wave is seen at a radius of _6.3
x 10 ts cm. A rarefaction wave travels at the local sound speed. Since the rarefaction wave generated by the piston propagates into a region of outflowing gas, the wave can actually catch up to the shock, even though the shock is traveling outward supersonically. This can be seen in both where p is the gas density, u is the gas velocity, M is the mass enclosed within radius r, and a is again the isothermal sound and we nondimensionalize the fluid variables,
Equation (6) indicates that the mass is zero at the instant t = 0. This corresponds to the moment of core formation. We will consider positive times after the formation of the core. Substituting equations (4)- (7) into equations (2) and (3) 
be for
. Shu (1977) found a large set of solutions to equations (8) 
01)
where mo is the nondimensionalized mass of the accreting central protostar.
These solutions are so dubbed because the entire flow from the outer static region to the inner free-falling regime occurs without passing through a critical point. Note that the coupled set of equations (8) and (9) have a locus of critical points
given by
which is shown as the dashed line of Figure  6 . TSAI & HSU Vol. 448
The limiting case of A = 2 corresponds to the singular isothermal sphere, implying that the EWS is the limit of the MSWCP solutions as A --*2. The values of mo are determined uniquely by the value of A. For the EWS, mo = 0.975, and it is larger for solutions with larger values of A.
The EWS obeys the same inner and outer boundary conditions as the MSWCPs; however, the flow passes through a critical point at x = 1 (Fig. 6 ). This implies that the EWS is actually a member of a different set of solutions called "minus solutions" (Shu 1977) . These are solutions which obey the inner boundary condition of equation (11) (with values of mo < 0.975) but which do pass through a critical point with positive slope in the velocity profile. With the exception of the EWS, the minus solutions were originally discarded as inappropriate for collapse since the inner inflowing part of the solution could not be joined consistently with an outer solution which obeyed the static outer boundary condition. More specifically, starting with values given by the inner boundary condition (11), the fluid variables can be integrated outward to the location of the critical line (e.g., the negative velocity portion of the heavy solid line in Fig. 6 is a minus solution). In order that the flow then passes smoothly through the critical point with positive slope in the velocity profile, equations (8) and (9) require that
where x, is the position of the critical point (the value of x, is fixed by the value of mo or vice versa). The fluid variables can then be integrated outward to the point where the gas velocity is zero. Here the velocity profile of the inner solution can be smoothly joined to the static outer part. However, the density at this point from the inner integration does not correspond to the density appropriate to that radius in the singular isothermal sphere. The velocity and density therefore cannot be simultaneously matched to a static outer solution. The EWS is the only exception that allows a consistent matching.
Guided by the numerical considerations of § 2, the presence of a shock somewhere in the flow allows for 1 more degree of freedom (the location of the shock) which might allow the fluid variables of the inner part of a minus solution to be consistently joined via the shock jump conditions to a static outer solution.
We first determine the appropriate shock jump conditions.
Since we consider an isothermal shock, we need only consider mass and momentum conservation across the shock. If we assume that the shock is propagating into static gas, we have, in terms of dimensional fluid variables,
Ush
,02
where u2 and P2 are the postshock gas velocity and density, respectively, u,h is the speed of the shock as it goes into the static gas, and Pl is the preshock gas density. Assuming the shock travels at a constant speed and starts at the origin at t = 0, the location of the shock expressed in terms of the similarity variable will be fixed. That is, Ush = Xsh a, where x,h is the fixed position of the shock in similarity space. The jump conditions in nondimensional form are then
Xsh where again a subscript of 2 denotes postshock values. In deriving equation (16), we have taken the preshock density to be that of the singular isothermal sphere.
The property that a2 = 2 at the shock suggests the following scheme for determining the desired shock solution. Pick a location on the line of critical points such that x, lies in the range 0 < x, < 1. The values of the fluid variables at x, are then fixed by equation (14). Using these as starting values for an integration to smaller x yields the value of mo which corresponds to the assumed value of x,. The fluid variables are then integrated outward from x, to the point where _t2 = 2. Take this as the location of the shock Xsh. The jump condition for the density is then automatically satisfied at this point. However, the velocity jump condition may not be simultaneously satisfied. The initially assumed value of x, is adjusted and the above procedure repeated until both jump conditions are simultaneously satisfied. We find that there is a unique value of x, (hence also of m 0 and x_h) such that the solution both passes smoothly through the critical point and satisfies the shock jump conditions, given that the outer solution is the singular isothermal sphere. This solution is shown as the heavy solid line in Figures 6 and 7 , and a listing of values is given in Table 1 . We get x, = 0.0544, which implies that xsh = 1.26 and that m0 = 0.105. That is, the shock has a Mach number of 1.26, and the mass accretion rate onto the central "protostar" is constant and is given by equation (1) with C = 0.105.
This solution represents the dividing line between the numerical class I and class I1 solutions. The predicted constant accretion rate neatly separates those cases with increasing acc- (21) imply that inside of the rarefaction wave In addition, since the analytic "shock" solution is self-similar, the distance of the shock to the origin is a fixed multiple of the distance of the stagnation point to the origin. This property separates the class I solutions which have a decreasing value of the ratio of these two distances (Fig. la) from the class II solutions which have an increasing ratio (Fig. Ib) . The character of the shock in the analytic solution is also comparable to that of the class II solutions, moving out at about the same rate and having constant amplitude.
The Energetics of the Shock Solution
We consider in more detail some of the properties of the shock solution. An obvious issue is what drives the large region of outflowing gas. This is most easily addressed by looking at how the energy of the solution evolves with time. In principle, the static singular isothermal sphere has infinitely negative total energy. This is because the total energy is the sum of the gravitational energy (Egrav) and the thermal energy (Eth), which are each given within a radius r by Eg,,v(r) f_ GM(r) 
where lamp is the mean mass per particle. Clearly, if r extends to infinity, the total energy is infinitely negative. Note that equations (17) and (18) are consistent with the virial theorem, since the singular isothermal sphere truncated at any finite radius is in equilibrium only if an external pressure acts at the outer boundary. A boundary term, which is customarily discarded in the statement of the theorem, must be included in our case. Consider now the energy of the flowing part of the shock solution. Within a fixed value of the dimensionless distance x, f:
where the fluid variables are converted to the forms of equations (5) and (6). The quantity mo in equation (20) represents the mass accreted onto the core and is subtracted from the total enclosed mass, since the accreted gas is assumed to have no thermal effect on the collapse. We additionally need to consider the total kinetic energy of the flowing gas,
The integrals of equations (19) and (21) can be evaluated numerically within the shock radius X,h-The total energy is then 
which is positive. This implies that as the flowing region expands outward in time, the energy of each region that gets engulfed by the expanding shock increases. This behavior can be contrasted with that of the collapsing region of the EWS.
x = 1, the energy is
Etot(x = 1, t) = Egrav + Eth + Ekin aSt --0.75 ast = (--2.98 + 1.54 + 0.69) _ = -G-
We consider the flow of energy in these solutions. The isothermal nature of the gas does not derive from the gas being in thermodynamic equilibrium with a large heat reservoir. In the realistic setting of modeling the collapse of a cloud core, isothermality arises out of the stable balance between heating due to sources such as cosmic rays and cooling due to radiation from dust. For example, in the cases where the gas is heated by compression, dust emission is assumed to be so efficient that the extra heat can be radiated away rapidly. In the opposite case where gas is cooled by expansion, the various sources of heating are assumed to be sufficiently rapid to heat the gas back to the stable equilibrium temperature.
In this sense, the shock solution does not represent a violation of the second law of thermodynamics.
That is, if we had considered a cloud which was isothermal with temperature T because it was in thermal contact with a bath with the same temperature, the extra energy of the expanding region would have represented the conversion to mechanical energy of heat without any accompanying work done on the system. However, this is not the case with the shock solution. The system is not in thermodynamic equilibrium with any thermal bath or radiation field. The temperature is determined only by the balance of a heating and cooling rate due to nonthermal processes which do not have the same temperature as that assumed for the cloud. In the case of the EWS, the pure compression in the flowing region of the cloud implies that no extra energy is taken in from the heating sources leading to a purely negative total energy. The motions of gas in the shock solution are more complicated.
Initially, static gas is first compressed by the passage of the shock. The gas radiates compressionai heat, but because this gas now has outward motion, it also cools by expansion.
At some point, the expansion causes the temperature of the gas to want to dip below the equilibrium temperature appropriate to the heating and cooling rates. The gas then takes in extra energy from the heating sources to remain isothermal. Finally, as the parcel of gas is decelerated and sent into infall, compressional energy is again radiated by the gas. Because there is a net energy taken in by the gas, the energy of the flowing region is positive and increasing.
In the realistic setting of a finite-sized cloud core, collapse described by the shock solution would eventually make the total energy of the core positive, hence making it unbound. This is acceptable behavior in light of the instability of the singular isothermal sphere to both collapse and expansion. The shock solution simply represents a mode of collapse which allows the accretion of some material onto a core but which at the same time interacts with an external energy source so as to make the flowing parts of the gas unbound. To emphasize this point, we demonstrate in § 4 that the singular isothermal sphere can be easily sent into complete expansion if collapse is not initially forced on the cloud.
We note that the above energy considerations apply equally well to the shock found in the numerical solutions of § 2.2. The important thing to consider in that case is that the shock persists long after the piston has been applied to the gas. The energetics of the postshock gas are only related to the actions of the piston in the sense that the piston puts the gas into a state where the subsequent evolution is driven by a shock and the requirement that the gas be isothermal. The work done by the piston is insignificant compared to the subsequent energy exchanges of the cloud in trying to remain isothermal.
We have assumed that the rate at which the cloud is heated in the expanding part of the flow is sulticiently rapid so that there will only be small departures from isothermality. A concern might be that the evolution of the gas in the shock solution may require a heating rate which is so high that the prescribed processes cannot supply the needed power. This is not likely the case since the shock in the above solution is weak; the postshock motions are subsonic, and the density contrast at the shock is only a factor~1.6. We examine this quantitatively. During the early phases of collapse as described by the shock solution, the shock is in the high-density region near the core. This part of the collapse is not well modeled by any isothermal collapse solution since the gas is expected to be hotter due to trapped compressional heat. At somewhat later times, the shock will be in a more optically thin region where grain cooling will be more effective and where isothermal solutions may apply. Heating in this region can be due to absorption of accretion luminosity, cosmic-ray impacts, and grain heating. The latter two processes are expected to be most important in the outer, low-density regions of the cloud, whereas the effects of accretion luminosity are most important in the inner regions (although significant heating from accretion luminosity occurs even when the gas is optically thin ; Hollenbach et al. 1995; Ceccarelli, Hollenbach, & Tielens 1995) . In Figure 8 , we show estimates of heating rates due to the aforementioned processes as well as the rate of adiabatic cooling due to the expansion of gas immediately behind the shock. (We do not include other forms of cooling since these are ineffective at temperatures of less than about 10 K.) The cooling rate is given by 5kTu(dp) a2up
where all fluid variables are dimensional. We have assumed & HSU Vol. 448 that the density distribution obeys p oc r -2 in obtaining the rightmost equality. We estimate the heating rates using For _ 4 x 10-28(__P__P"] ergs s -x cm 3 (25) \ l_rn, } for cosmic rays (Black 1987) and
Fdus, _4x 10 26( P _ ergss 1 cm 3 (26) \#mr/ for photoelectric heating from dust (Black 1987) . Heating from accretion luminosity is estimated by taking the luminosity to be
where the latter relation for R, is a fit to detailed calculations (Adams & Shu 1985; Stahler, Shu, & Taam 1980; Stahler 1983) and M is given by eq. (!) with C = 0.105, the value appropriate to the shock solution. The mass of the star is just M, = Mt, where t is the time under consideration. The heating due to accretion luminosity for gas at radius r is then computed : where x is the absorption opacity of the gas. The dust photosphere which reprocesses the radiation from the accretion shock should have a temperature~500 K (Adams & Shu 1985) which corresponds to a peak wavelength of~6 #m. The opacity here is x~2.5 cm 2 g-1. Ideally, x should be averaged over the emergent spectrum; however, we simply take the above value for our estimates. Equation (28) also represents an approximation since the emission from the dust photosphere will be further reprocessed by the material between the photosphere and the radius under consideration, r. If r is reasonably small, then this should not be too bad an approximation since most of the energy fed in at the dust photosphere will eventually make it out to radius r.
The abscissa in Figure 8 is the location of the shock. The heating and cooling rates are computed for the gas immediately behind the shock because this is the region experiencing the greatest expansion.
In the inner region (r _ 1015-1016-_ cm) where both cosmic-ray and dust heating are minimized by the high optical depth, accretion luminosity provides an ample supply of energy to overcome the cooling due to expansion. In the outer region (r > 10165 cm) where the amount of accretion luminosity absorbed by the gas is minimal, dust and cosmicray heating adequately replace the energy density lost via expansion.
Radial Stability of the Shock Solution
We examine the stability of the shock solution numerically. Although less satisfactory than linear stability analysis, essential features of the stability of the solution can be discerned in this manner. For example, when numerical calculations which begin with core collapse are continued beyond the point where the EWS is recovered, the subsequent evolution of the gas does not deviate substantially from the EWS (e.g., Boss & Black 1982) . This _uggests that the EWS is stable to radial perturbations, a result also determined analytically (e.g., Silk & Suto 1988; Ori& Piran1988) . Wehave alsoconfirmed thisresult. Westart a numerical calculation byassuming thattheinitial density andvelocity profiles arethose oftheEWSscaled to some early time. The cloud isthen evolved forabout adynamicaltimewiththeinnerboundary condition thatthere befree fallontoa sinkcell(thesame boundary condition asadopted in §2). Wefindnosubstantial deviation fromtheEWS. Thestability oftheshock solution canbesimilarly tested. Wesettheinitialdensity andvelocity profiles ofa numerical calculation tobethatoftheshock solution atsome earlytime. Weevolve thecloudwiththesame free-fall innerboundary condition asused previously. Thesubsequent collapse rapidly departs fromthatoftheshock solution andsuggests thatit is unstable. Wefurthertestthebehavior of thenumerical collapse. Since weknowfromtheanalytic solution whatthegas velocity should beatevery location andtime, wefindthatthe infall speed oftheshock solution attheradius where theinner boundary condition was imposed issomewhat smaller thanthe corresponding free-fall speed based ontheenclosed mass. This isbecause pressure effects, though small, stillcontribute tothe dynamics oftheflow. In tryingtoeliminate allpossible perturbations ontheflow, werananother numerical collapse calculationimposing thenewinnerboundary condition thatthe velocity anddensity beexactly asspecified by theanalytic solution atthegiven timeandlocation. Even under these conditions, numerical noise is sufficient to drivethesubsequent evolution of thegasawayfromthatspecified by theshock solution.
Thedifference inthestability properties oftheEWS andthe shock solution arenotsurprising. Withintherarefaction wave, theEWS possesses alarge region ofsupersonic infall andsteep velocity gradients which canserve toshear outperturbations. Thisstabilizes theflow(Shu1977). Theshock solution, onthe otherhand, hasa largeregion of subsonic outflow whichis accompanied by ratherlimitedvelocity gradients. Furthermore, theconstant amplitude shock is maintained bya precarious interplay between a pureoutgoing shock anda pure outgoing rarefaction wave. Perturbations to thisarrangement in theformof sound waves canprobably do considerable damage. Alinear stability analysis oftheshock solution willbe presented elsewhere.
Westudied theways inwhich thenumerical collapse departs fromtheshock solution byperturbing theflowaway fromthe analytic solution invarious ways. Inthefirstinstance, weagain startthecalculation by takinganearly-time version of the shock solution asgiving theinitialdensity andvelocity profiles forthegas. Wealsoimpose thefree-fall inner boundary condition.However, weartificially increase theinitialmass of the sinkcellby 5%.Thishastheeffect of gravitationally perturbing theentire cloud. Thecollapse thenproceeds according to theproperties of theclass I numerical solutions of § 2.2.
More specifically, the central mass accretion rate increases rapidly from the value specified by the shock solution and approaches in time the value corresponding to the EWS solution. The amplitude of the shock decreases with time, and the ratio of the distances from the shock to the origin and the stagnation point to the origin decreases with time (i.e., the region of outflowing gas in similarity space gets smaller). Note that the same perturbation imposed on a numerical realization of the EWS does not result in departures from the analytic solution. In the second case, we run a collapse calculation in the same manner as above, but we instead artificially decrease the initial mass of the sink cell. We first decrease the mass of the sink cell so that the free-fall velocity at the radius where the inner boundary condition is applied is equal to the velocity as specified by the shock solution at that radius. The mass is then decreased a further 5% to run the calculation. The subsequent collapse evolves according to the class II solutions of § 2.2. The central mass accretion rate decreases from the level specified by the analytic shock solution, and the shock persists in time with roughly constant amplitude. The modes of instability described above provide an explanation for the existence of the two classes of collapse solutions found in the piston experiments of § 2.2. After the collapse is launched by the piston and imposition of the inner boundary condition, the shock propagates out to a distance where the initial scale set by the piston motion becomes much smaller than the scale of the region over which the gas is flowing. The collapse attempts to go toward the shock solution; however, because it is unstable, perturbations imposed by the early piston motion nudge the collapse toward one of the two modes of instability growth. If the piston does not go out too far and does not impose initial conditions too far removed from simply having an initial pressure imbalance in the core, the solution follows the class I type of collapse and evolves toward the nearest stable solution, the EWS. On the other hand, with a sufficiently large push, the piston launches the collapse into the class II type of behavior, with the solution evolving toward lower accretion rates.
The piston experiments show that, given a reasonable amount of initial push by the piston, accretion would continue, although at low rates, for the duration of the collapse simulations. It is, however, interesting to consider the limiting case if the calculation were to be allowed to run indefinitely. Accretion will likely have stopped, and we can ask if there is some solution which represents pure outflow. That is, are there conditions under which the singular isothermal sphere could be sent into complete expansion? This is considered in the next section.
OUTFLOW SOLUTION
We initiated the numerical calculations of § 2.2 by pushing a piston and then imposing a free-fall boundary condition at the end of the push. The boundary condition models a large pressure imbalance in the center of the cloud which essentially forces the inner region into collapse. In this section, we consider the case where a push on the gas by the piston is followed by a no-flow boundary condition, i.e., imposing the condition that the gas velocity be zero at the inner boundary.
The results of one of the numerical calculations are shown in Figures 9 and 10 . The piston again forms a shock which propagates in time to large radius with constant amplitude. In contrast to the results of § 2.2, the velocity profile is one of pure outflow, and the shock has a higher Mach number of roughly 1.3. The density is characterized by a postshock region which flattens out toward small radius, in contrast to the steeply peaked density of the initial static isothermal sphere and to the density of the shock collapse solution. Identical results to those displayed here are obtained assuming any of a series of piston speeds and distances (vp and dp). In particular, tile case shown in the figures assumes Vp = 0.5a and dp = 2 × 1014 cm. Recall that the case from § 2.2 with the same piston parameters, but where the free-fall inner boundary condition was imposed, led to an increasing mass accretion rate and a diminishing shock (Figs. la, 2a, and 3) . In the present calculation, the shock does not weaken with time. Other cases where dp is even smaller TSAI& HSU Vol. 448 (representing very small perturbations to the flow) also lead to constant amplitude shocks. Therefore, for the pure expansion case, there is no bifurcation into two classes of solutions. All piston parameters considered lead to the same solution as shown in Figures 9 and 10 . Furthermore, only very modest initial perturbations are required to cause the singular isothermal sphere to expand.
The character of the numerical results again suggests that we seek a similarity solution to describe the late time evolution of the expanding solution. We use the formulation of § 3.1. The shock is again expanding into a static singular isothermal sphere. The shock must then obey the jump conditions of equation (16). Our procedure is first to assume a location for the shock, xsh. Starting with values of the density and velocity given by equation (16), we integrate the fluid equations (8) and (9) numerically to small radius. The resulting gas velocity will not vanish in general as x --, 0. However, by adjusting x,h, this condition can be satisfied. We find that such a solution is unique, as was the case with the shock collapse solution of § 3.1. The velocity and density profiles are given in Figures 6  and 7 , respectively, by the light solid line. The shock propagates outward at a constant speed of 1.34a.
To better compare the analytic result to the numerical solutions, we scale the similarity solution to the time of the last curve in Figures 9 and 10 . The similarity solution is given by the dots. The numerical results agree exactly with the similarity solution, except of course for the shock which occupies several zones in the numerical simulation. This indicates both that the similarity solution gives a good description of the flow and that the solution is probably stable.
It is easy to show from equations (8) and (9) that
The passage of the shock through the singular isothermal sphere rearranges the gas into a fiat distribution.
The centrally peaked nature of the initial cloud is completely disrupted as gas is sent outward. Figure 7 shows that _ 30% of the expanding region is included in such a "core." Furthermore, equation 1.27, 2.37, 3.89, 5.89, 8.44, 11.6, 15.4, and 19.9 and dp = 2 x 10 j4 cm is plotted for the same times as shown in Fig. 9 . The dots indicate the analytic solution of Fig. 7 scaled to the time of the last numerical calculation shown.
(5) indicates that the central density decreases as the square of time. After a time of 105 yr, the central density is ,-,2 x l0 s cm-3, which is comparable to the density of a molecular cloud core (e.g., Goldsmith 1987) . The expanding solution then not only demonstrates that the singular isothermal sphere can be easily sent into pure expansion, but that a very modest central perturbation and subsequent subsonic motions of the gas can lead to a uniform density distribution throughout the region originally occupied by the singular isothermal sphere.
We again emphasize that the shock in the solution of this section is not powered by the piston, which stops after a very short time. The piston simply puts the gas into a state where the subsequent evolution is governed by the dynamics of the shock and the assumption that the gas is isothermal.
DISCUSSION AND CONCLUSIONS
We have considered the collapse of the singular isothermal sphere in the case where infall is initiated by some arbitrary process which, in addition to causing a central pressure imbalance, is accompanied by some input of heat or energy into the cloud. The rationale for this is to understand the possible effects on the collapse of either preheating by accretion luminosity or some other means of early energy input into the cloud, such as stellar winds. In order to be rather general and to understand the relevant physics, we modeled this process numerically with a one-dimensional hydrodynamical code where we initiated collapse with a central piston which first pushes at a constant speed out to some distance which is small relative to the size of the cloud. The piston is then stopped and a free-fall boundary condition is applied. This inner boundary condition acts to initiate collapse in the central regions. We assume isothermal conditions throughout.
Numerical collapse solutions in the piston experiments fall into two classes, depending upon how far the piston is allowed to push. Both classes are characterized by the presence of an initial shock created by the action of the piston, a region of outflowing gas just inside of the shock, and inflowing gas in the central regions. If the piston is pushed to less than a certain distance, the subsequent rate of mass accretion onto the core increases with time and approaches the constant value corresponding to the EWS. The shock decays with time and becomes a sonic pulse. The amount of outflowing gas also decreases withtime. These were dubbed class I solutions and correspond tocases where, because theinitialcentral perturbation was notverydifferent fromtheconditions giving riseto theEWS, thesubsequent collapse tended toward theEWS. In thecases where thepiston wasallowed topush further out,the accretion rateinstead decreased withtime. Theinitialshock persisted withroughly constant amplitude, andtheregion of outflowing gasgrewwithtime.These weredubbed class II solutions. These twoclasses ofsolutions existed foranyofthe assumed pistonspeeds whichincluded bothsubsonic and supersonic cases.
Theinterpretation of these results is given in terms of the instability ofa similarity solution (theshock solution) which serves todivide thetwoclasses ofnumerically determined solutions. Theshock solution ischaracterized byaconstant central mass accretion ratewhose value exactly divides theclass I accretion rates fromtheclass II accretion rates (Figs. 3and5) . Theshock solution also hasaconstant amplitude shock anda constant ratioofthedistances fromtheshock totheoriginand thestagnation pointto theorigin. Weexamine thestability properties oftheshock solution bystarting a numerical collapse calculation withgasdensities andvelocities given bythe shock solution scaled tosome earlytime. Thesubsequent evolutionofthecloud was found toalways deviate fromtheanalytic solution. (Thiscontrasts withthebehavior oftheEWS.) Thisindicates thatthesolution ismost likelyunstable toradial perturbations. Themanner of thedeviation wassuchthata small perturbation of theflowtowardincreasing accretion rates (artificially increasing themass ofthecore), resulted in a solution withtheexact properties of theclass I solutions. A perturbation in theother direction (artificially decreasing the mass ofthecore) resulted inevolution akintothatoftheclass II solutions. Theinterpretation of thenumerical solutions is thatwhen theshock hasreached adistance farremoved from thescales set bytheactions ofthepiston, thesolution triesto go to theshocksolution. However, because it is unstable, initialperturbations dueto thepistoncause thesolution to evolve away fromtheshock solution in either themanner of theclass I orclass II solutions.
TheshocksolutionandtheclassII numerical solutions eventually leadto theunbinding of anyfiniteregion of the singular isothermal sphere. Theenergy forthisdoes notcome fromthe actions of anypiston. Rather, in thecaseof the numerical solutions, thepiston changes thestate ofthecloud sothatit absorbs extra energy fromwhatever agent ishelping tokeep thecloud isothermal. Inthecase ofanactual protostellarcloud core, thiswould presumably include dust andcosmicray heating. Furthermore, this modeof collapse doesnot represent aviolation oftheinstability properties ofthesingular isothermal sphere since it is unstable bothtocollapse andto expansion. Thelimit of theclass II solutions is in factrepresented bythecase ofzeromass accretion andpureoutflow. Wealsoobtained such a solution bothnumerically andanalytically.The numerical realization is obtained by again pushing apiston outsome distance intoaninitiallystatic singular isothermal cloud andimposing theinner boundary conditionthatthevelocity bezero atsmall radius. Thisexpanding solution is characterized by anoutgoing constant amplitude shock anda flatcentral density profile. In approximately a dynamical time, thecentral density fallstovalues comparable tothose ofinterstellar cloud cores. Wefindthateven when the pistonis pushed a verysmall distance, a purelyexpanding solutionis always obtained. Thenumerical solutionthen evolves rapidlytoward a similarity solution. Because thelate timeevolution of thenumerical solutions doesnot deviate fromthesimilarity solution, it is likelythattheexpanding solution isstable.
Weconsider theimplications of theabove results forstar formation. First, thedeposition ofenergy or pressure intothe central regions ofacollapsing protostellar cloud must occur to some extent. Forexample, if weadopt thestandard paradigm oflow-mass star formation (Shu etal.1993) , asinfall isinitiated in thecenter of a singular isothermal sphere, a coredevelops rapidlyontowhich material isaccreted. Thepreheating effect oftheaccretion luminosity willmodify theflowin theregion of gas thatisnotyetinsupersonic infall onatimescale veryshort compared tothedynamical time. Thishastheeffect ofgiving thegasanoutward push. Notethatthepreheating effect does nothaveto besoextensive asto include themoreoptically thinregions ofthecloud. If preheating issufficient tocreate a weak shock in theinneroptically thickregion, ourconsiderationsshowthatthe shockcanpropagate to largeradius simply because thegasisbeing kept relatively isothermal inthe thinregion. It isalsoknown thatprotostellar winds occur very earlyonin theformation of theprotostar (e.g., seeBally& Lane1991). Although these winds arethought to beinitially highlycollimated, theynevertheless canimpartsignificant outward momentum tosome ofthegas. Wehave modeled all ofthese processes byapiston pushing in thecenter ofa singular isothermal sphere. Although heuristic, thisapproach does giveanindication of thenature of thesubsequent collapse. Specifically, there is thepossibility ofaccretion rates thatare lower thanthecanonical value given bytheEWS. Depending uponthedegree of theinitialperturbation, accretion rates couldbea factor of 10lower thantheEWSvalue andevolve toward lower values, or they couldbeinitiallyrather lowand riseuptotheEWSvalue. Thepresent workdoes notpredict theexact ratesince theextent oftheinitialperturbation is not known.
Theprediction ofreduced accretion rates mayberelated to the"luminosity problem" of protostars. Theobserved luminosityfunction of embedded sources in several star-forming regions implies thatthecentral accretion rates aregenerallỹ 10times lowerthanpredicted by thestandard paradigm (e.g., Kenyon et ai. 1990; Kenyon et al. 1994; Greene et al. 1994) . Thisdiscrepancy maybeduetorotational effects that arenotconsidered in thespherically symmetric approximation oftheEWS (Kenyon etal.1994) . Forexample, most collapsing material could fallontoa diskandthenbeaccreted ontothe starona timescale setbydiskphysics. Theaccretion froma diskcouldbe,forthemostpart,smaller thanthatofspherically symmetric accretion. Since studies show thatthelifetime oftheaccretion phase is _ 105 yr,accretion fromthediskmust occur inaseries ofbursts separated byaphase oflowaccretion inorder thattheaverage accretion ratebehighenough toform a solar-mass starin thegiven time.Ourstudy indicates that independent of rotational considerations, whichmustbe important tosome degree, spherically symmetric collapse itself gives risetotimevariable accretion rates which could berather low, especially atearlytimes. Theobjection isthenraised that in~105 yraconsistently lowaccretion rateleads toastar that iswell below asolar mass. There areseveral possible ways out ofthis. Atime-variable accretion rate, such asthose oftheclass I solutions, wouldimplythatthelow-luminosity sources are simply young andareexperiencing aperiod ofrather lowaccretion. At latertimes, theaccretion rateincreases sothata solar-mass star can still be formed in approximately the allowed time. On the other hand, if indeed the accretion rate remains consistently low, in~l0 s yr the shock of our solutions would have traveled to the outer regions of the cloud core. The nature of the collapse after this depends in part on what happens to the shock on reaching the outer boundary, although the presence of significant magnetic support for the cloud in these regions will lessen the effects of the shock. Since this is unknown, what happens to the accretion rate after the first~105 yr is unknown also.
The application of our study to protostellar winds is more heuristic. Early stellar winds are thought to be highly collimated and rather supersonic.
Our solutions, however, are spherically symmetric, and the shock is rather weak. Therefore, our considerations will not provide an exact description of the effects of the wind on the collapsing cloud. However, we showed that the singular isothermal sphere is, qualitatively speaking, rather loosely bound; small initial perturbations toward expansion can easily lead to the general expansion of the cloud. This indicates that the termination of accretion can be easily effected by a stellar wind. Conversely, the star formation scenario might be that protostellar collapse first proceeds according to one of our solutions. The passage of the shock unbinds much of the material in the outer regions of the core. The onset of an observable protostellar wind may then occur as a result of the cloud no longer presenting much of a barrier against which the wind must fight to get out of the core.
The results of § 4 also offer the intriguing possibility that if some process exists which applies a small push in the central regions of a centrally peaked cloud core without an accompanying pressure imbalance, the core can be easily dispersed in a dynamical time. It is not clear, however, whether such a process exists in nature.
In considering the relevance of the current study to star formation, we must be mindful of the limitations of our assumptions and methods, For example, the assumption that protostellar collapse occurs in an isothermal fashion has previously only been made in connection with a purely collapsing cloud. Under this latter condition, compressional heat generated during collapse is efficiently radiated by various mechanisms, including dust emission. However, our solutions include an expanding outer envelope which is cooled by expansion. We should therefore check that sufficient heating exists from various processes (cosmic rays, dust heating, and heating from accretion luminosity) to keep the gas isothermal. We have demonstrated that this is indeed the case by estimating the various heating rates and comparing them to the rate of adiabatic cooling of expanding gas (see § 3.2).
Another assumption of the current work is that the cloud into which the shock propagates is exactly stationary. If the currently held paradigm for low-mass star formation does indeed provide a framework for collapse (Shu et al. 1993) , there could be a subsonic inward drift of the gas at large radius as the magnetic field diffuses out of the collapsing cloud. What is the behavior of the shock solution under these conditions or in the more extreme case where the inward drift is supersonic? It is obvious, since the shock in our solution has a Mach number HSU Vol. 448 of only 1.26, that any inflow upstream of the shock of greater than the indicated speed will sweep the shock into the core. The solutions investigated in this paper would not apply to these flows. In the case where the inflow ahead of the shock is subsonic, the effects of our solution are somewhat reduced. For example, we have considered the collapse of isothermal spheres which have a density that is everywhere greater by a uniform factor than that of the singular isothermal sphere. Because these spheres are too dense to be in equilibrium, infall is initiated at all radii at the beginning of collapse. The case where infall is not accompanied by any central energy input is described by the MSWCP solutions discussed in § 3.1. When a central piston is applied, we find that resulting solutions are similar to those in which a shock propagates into static gas; however, there is a greater tendency to follow the class I behavior (see § 2.2). Specifically, the accretion rate, which always begins at rather low values (_t~few x 10-7 Mo yr 1) shows a greater tendency to evolve toward the higher value associated with the corresponding MSWCP solution. The low accretion rates characterizing the early parts of the collapse of some of the class I solutions last for shorter times. Similarly, the magnitude of the shock tends to decrease more rapidly as does the size of the region of outflowing gas. However, even when gas ahead of the shock is infalling subsonically, significant reductions in the central accretion rate relative to the values associated with no energetic input are possible.
Current observational constraints on the nature of infall are inadequate for differentiating between our solutions and other models. Although molecular line width studies have ruled out outflow in various cloud cores (e.g., Zhou 1992; Evans et al. 1992) , the nature of the infall has not been especially well constrained. Although collapse according to the Larson-Penston model (Larson 1969; Penston 1969a ) is likely ruled out, the nature of the infall predicted by the shock solution is not very different from that of the EWS, in that free-fall will prevail in the central regions. Additionally, the outflows in our solutions are rather subsonic, so they are not detectable using line profiles. The constraints on the density profile are similarly ambiguous enough to allow a variety of models. Studies of spectral energy distributions indicate the density can be consistent with p _ 1/r tls-2"°_ profiles (Butner et al. 1990; Butner et al. 1991) . Because the EWS and our solutions both derive from collapsing a singular isothermal sphere, comparable density profiles exist throughout much of the cloud.
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